INTRODUCTION
Since the disclosure of tellurium(II, IV)⋯π(aryl) interactions in their crystal structures [1] , there has been increasing interest in ascertaining the importance of this type of supramolecular synthon, i.e. main group element(lp)⋯π(arene), in the structural chemistry of main group element chemistry [2] [3] [4] [5] [6] [7] [8] [9] [10] ; it is noted in passing that analogous interactions have been revealed in structural biology and are known to provide important stabilising contacts [11, 12] . In molecular structural chemistry, the emphasis thus far, has been upon seeking "stand-alone" element(lp)⋯π(arene) contacts and determining the supramolecular architectures they sustain [2] [3] [4] [5] [6] [7] [8] [9] [10] . Usually, these architectures are zero-and onedimensional but, examples of two-and even three-dimensional aggregation patterns are known [9, 10] . With the restriction that element(lp)⋯π(arene) operate in a given dimension in a crystal in isolation of other supramolecular synthons, these occur in a maximum of 14% of thallium(I) structures. This falls off to 9% in bismuth(III) structures and down to a minimum of 2-3% for tin(II) and lead(II) compounds [9, 10] . In terms of bonding, it is likely that the lone-pair … π interaction has similar features to halogen bonding [13] in that there is an asymmetric distribution of electron density in the lone-pair of electrons leaving an electropositive region at the tip of the lone-pair which interacts with the π-electrons of the ring. This electron-deficient region is termed variously as a σ-hole or polar cap, and the energy of stabilisation imparted by these interactions is in the region of 10 kJ mol -1 , i.e. similar to that imparted by C-H⋯π(aryl) interactions. In keeping with the theme of the present volume "Aspects of Multi-Component Crystals: Synthesis, Concepts and Function", herein a description of the supramolecular architectures sustained by main group element(lp)⋯π(aryl) interactions is given where the π-system is a solvent molecule such as benzene.
PROCEDURES
Standard protocols were utilised to identify structures for the current survey [10] . The Cambridge Structural Database (CSD: version 5.37 + 2 updates) [14] was searched using CONQUEST (version 1.18) [15] . There were two key geometric restraints as illustrated in Fig. 1a . The first restraint is the distance, d, between the metal centre and the ring centroid, labelled Cg which was set at 4.0 Å, a distance shown to be sufficient to identify relevant contacts [10] . The second restraint is the angle θ which is the angle between the normal to the plane through the aryl ring (V1) and the vector from Cg to the main group element (V2). This angle indicates the relative location of the element above the C6 plane and was restricted to be ≤ 20º so that only "delocalised" [16] element(lp)⋯π(aryl) interactions were retrieved. The consequence of this restriction is that the lp⋯C separations are approximately equal, Fig. 1b . This restriction removes "localised" interactions where the lone-pair is orientated towards a single atom of the aryl ring only as well as "semi-localised" interactions where the lone-pair is engaged with only one of the bonds of the ring [16] . The only other restrictions that were applied were those structures with unresolvable disorder were omitted and those determined from powder data were not included. This resulted in 37 "hits" satisfying these criteria. Each data set, in the form of a CIF, was manually scrutinised, being analysed quantitatively with PLATON [17] ; diagrams are original and were drawn with DIAMOND [18] . 
DISCUSSION
Structures are discussed starting from the gallium-group elements with benzene and then substituted forms of the C6 ring. The tin-group elements are then described, etc. Within each group, mononuclear species are discussed before binuclear species, etc. Finally, for each sub-category, lower nuclearity aggregates are described before higher nuclearity aggregates. The chemical diagrams were generated with ChemDraw® and show only the interacting species, meaning other species in the crystal such as counter ions are not illustrated. In the diagrams showing aggregation patterns, all hydrogen atoms have been omitted for reasons of clarity. The arene rings forming the element(lp)⋯π(arene) interactions are highlighted in purple and the interaction is indicated by a dashed purple line.
Group III
Only thallium(I) compounds have been found to form Tl(lp)⋯π(arene) interactions where the arene ring is a solvent molecule. Indeed, there are six examples, (1)- (6) , and their chemical diagrams are shown in Fig. 2 . The first three structures in this category are mononuclear thallium(I) compounds. In (1), a molecule of mononuclear {bis[3-(9-triptycyl)pyrazolyl]hydroborato}thallium(I) [19] associates with a solvent toluene molecule via a Tl(lp)⋯π(toluene) interaction [d = 3.22 Å and θ = 3.7º] to form a zero-dimensional aggregate in which the thallium(I) atom increases its coordination number from two (N2 donor set) to three within a distorted trigonal planar geometry, Fig. 3a . A similar aggregation pattern is found in (2) whereby a single Tl(lp)⋯π(chlorobenzene) interaction [d = 3.69 Å and θ = 14.5º] is found in (hydrogen tris(4-bromo-3-(p-chlorophenyl)pyrazolyl)borato)thallium(I) chlorobenzene solvate [20] to give a two-molecule, zero-dimensional aggregate, Fig. 3b . The thallium(I) centre in bis(hydrogen tris(2-thioxo-3-t-butylbenzimidazol-1-yl)borate)thallium(I) (3) [21] is located on a three-fold axis of symmetry and was characterised crystallographically as its hemi-benzene solvate. From symmetry, the benzene ring accepts two Tl(lp)⋯π(toluene) interactions [d = 3.39 Å and θ = 0.0º] to form a binuclear three-molecule aggregate, Fig. 3c . The original coordination geometry for each thallium atom was pyramidal defined by a S3 donor set. The coordination geometry is expanded to four with the interaction of the benzene ring. (1)- (6) shown in (a)-(f), respectively. Colour code: Tl (or other main group element), orange; bromide, olive-green; chloride, cyan; sulphur, yellow; silicon, brown; oxygen, red; nitrogen, blue; boron, grey-green; and lithium, beige.
In binuclear di-thallium(I) bis[tetrabromo-gallium(III)] tris(1,3,5-trimethylbenzene) solvate (4) [22] , one [GaBr4] -anion bridges two thallium(I) centres while the other is terminally bound, giving two independent thallium centres, each of which is associated with 1,3,5-trimethylbenzene molecules. The thallium forming four Tl⋯Br bonds is con- 
Group IV

Tin(II)
Three tin(II) structures, (7)- (9), have been revealed to feature Sn(lp)⋯π(arene) interactions in their crystal structures and chemical diagrams for these are shown in Fig. 4 . In the binuclear structure of bis(µ2-2,6-dimethylphenolato)-bis(2,6-dimethylphenolato)-di-tin(II).2(toluene) (7) [25] , two centrosymetrically related molecules associate via Sn(lp)⋯π(aryl) interactions [d = 3.36 Å and θ =10.8º] to form a dimeric, zero-dimensional aggregate. Toluene molecules interact with the terminal tin atoms [d = 3.59 Å and θ =7.6º] so that each Sn(II) atom in (7) forms a single Sn(lp)⋯π(aryl) interaction and adopts a pseudo-tetrahedral geometry. In mononuclear 2,3-bis(trimethylsilyl)-1-stanna-2,3-dicarba-closoheptaborane(4) hemi-benzene solvate, (8) [26] , the tin(II) centre is coordinated by three boron and two carbon atoms but, in a fashion to leave the tin(II) atom exposed. This enables the formation of a Sn(lp)⋯π(benzene) contact [d = 3.73 Å and θ = 13.6º] and as the benzene molecule of solvation is located about a centre of inversion, a binuclear, three-molecule aggregate ensues. The tetranuclear cluster molecule, bis(μ3-oxo)-octakis(μ-trifluoroacetato)-di-tin(II)-di-tin(IV), is disposed about a centre of inversion and was crystallised as a benzene solvate, also located about a centre of inversion, with the ratio between molecules being 1:1, (9) [27] . The exocyclic tin atoms, i.e. being tin(II) as opposed to the endocyclic tin(IV) atoms, and having squarepyramidal geometries defined by five oxygen atoms, form Sn(lp)⋯π(benzene) contacts [d = 3.32 Å and θ = 6.1º] to generate a supramolecular chain with a flattened step topology. (7)- (9) shown in (a)-(c), respectively. Additional colour code: fluoride, violet-red.
Lead(II)
Five lead(II) structures, (10)- (14) , feature at least one Pb(lp)⋯π(arene) interaction in their crystal structures, see Fig. 6 for chemical diagrams. The first three structures in this category are mononuclear, with each lead(II) centre forming a single Pb(lp)⋯π(arene) contact. Thus, the lead(II) atom in (10), i.e. bis(diphenylpentane-2,4-diiminato)lead(II) toluene solvate [28] , is coordinated by four nitrogen atoms but there is a large void above the lead(II) atom, Fig. 7a , which is occupied by the toluene molecule [d = 3.66 Å and θ = 8.6º]. A relatively high coordination number is also found in (11), bis(2,4,6,8-tetra-tbutyl-1-oxo-1H-phenoxazin-9-olato)lead(II) benzene di-solvate [29] , where the lead(II) is in a N2O4 donor set but, again, there is a large void to accommodate one of the two benzene molecules co-crystallised with the lead compound via a Pb(II)⋯π(benzene) interaction [d = 3.77 Å and θ = 17.9º], Fig. 7b . The mononuclear structure of 2,3-bis(trimethylsilyl)-2,3-dicarba-1-plumba-closo-heptaborane(6) benzene solvate (12) [30] is isostructural with (8) [26] , Fig. 5b . Thus, the lead(II) centre is coordinated by a B3C2 donor set but, the atoms comprising the cluster lie to one side of the molecule enabling the formation of a Pb(lp)⋯π(benzene) contact [d = 3.74 Å and θ = 16.9º] with a centrosymmetric benzene molecule resulting in a binuclear, three-molecule aggregate, Fig. 7c . Fig.7d . The common feature of the two interacting lead atoms is that they exist in pyramidal coordination geometries defined by S3 donor sets, exposing the lone-pair to the rings. By contrast, the remaining lead atoms have higher coordination numbers, i.e. four and five.
[Lead(II) bis(tetrachloridoaluminium(IV))]n (14) [32] is a coordination polymer that was isolated as a benzene solvate with the ratio between lead atoms and solvent molecules being 1:1 enabling each lead atom to form a Pb(lp)⋯π(arene) contact [d = 2.78 Å and θ = 1.1º]. As seen from Fig. 7e , each lead atom, despite being coordinated by six chlorido atoms, is in a distorted pentagonal-bipyramidal coordination geometry with the benzene ring lying to one side of the pentagonal plane.
Group V
Arsenic(III)
Three arsenic(III) solvates, (15)-(17), feature As(lp)⋯π(arene) interactions in their molecular packing; chemical diagrams for these are shown in Fig. 8 . In the heterometallic complex, (µ4-7H-5,13-arsano(1,3,2)benzodiphospharsolo(1,2-b)(1,2,4,3)benzotriphospharinine)-icosacarbonyl-tetra-tungsten toluene solvate (17) [35] , two distinct coordination environments are noted for arsenic(III), one pyramidal based on a P3 donor set, and the other also pyramidal but, based on a HP2 donor set. It is the latter that forms the As(lp)⋯π(arene) interaction leading to a two-molecule, zero-dimensional aggregate [d = 3.72 Å and θ = 10.5º].
Antimony(III)
The first four structures in this category, (18)- (21) , are examples of classic Menschutkin complexes [36, 37] . Chemical diagrams for these and for the two other structures featuring Sb(lp)⋯π(arene) interactions in the crystal structures, (22) and (23) , are shown in Fig. 10 . While the common feature of (18)- (21) is the presence of mononuclear species, in trichlorido-antimony toluene (18) [38] and tribromidoantimony(III) mesitylene (19) [39] solvate, a single interaction occurs between antimony(III) and the solvent molecule. In (18) , there are two independent complex:solvent pairs and each of these forms a Sb(lp)⋯π(arene) interaction [d = 3.10 Å and θ = 7.7º; d = 3.16 Å and θ = 9.0º]. The structure of (19), (20), (22) and (23) 
BISMUTH(III)
With nine structures featuring Bi(lp)⋯π(arene) interactions, bismuth(III) compounds are the most represented in the present survey. The nuclearity of the species range from one up to 14 thereby a large number of distinct structural motifs are observed. The first three structures to be discussed, (24)- (27) The next four structures to be described, (27) - (30), Fig. 12 , are tetranuclear bismuth(III) compounds. In bis(µ3-oxo)-tetrakis (µ2-1,1,1,3,3,3-hexafluoro-2-propoxo)-tetrakis(1,1,1,3,3 ,3-hexafluoro-2-propoxy)-tetra-bismuth(III) toluene solvate (27) [46] , the cluster is situated about a centre of inversion. There are two distinct coordination environments for bismuth(III), the endocylic atoms based on a O5 donor set while the exocyclic bismuth(III) atoms are coordinated within a O4 donor set. It is the exocyclic bismuth(III) atoms that form the Bi(lp)⋯π(arene) interactions [d = 3.56 Å and θ = 15.5º] leading to distorted trigonal bipyramidal geometries, Fig. 13d . There are three tetranuclear structures that differ only in the pattern of fluoride substitution in the benzoate anions. These are exemplified in Fig. 13e by  bis(µ3-oxo)-octakis(µ2-3,4 ,5-trifluorobenzoato)-tetra-bismuth(III) characterised as a 1,4-dimethylbenzene disolvate (28) [47] . The centrosymmetric molecular framework of the cluster may also be described as comprising endocyclic and exocyclic bismuth(III) atoms. Here, the coordination numbers, each based on donor sets provided by oxygen atoms, are seven and six, respectively. The exocyclic bismuth(III) centres form the Bi(lp)⋯π(arene) interactions [d = (24)- (28) shown in (a)-(e), respectively.
The molecular structures of (31) and (32) [49] . The cluster is disposed about a fourfold inversion centre. There are two independent bismuth(III) atoms and each exists within a five-coordinate geometry defined by oxygen atoms. One of these associates with a toluene molecule [d = 3.51 Å and θ = 6.4º] leading to a heavily distorted octahedral geometry, Fig. 15a . The final bismuth(III) structure revealed to possess Bi(lp)⋯π(arene) interactions is that of hexakis(µ4-tbutylphosphonato)-bis(µ4-t-butylhydrogenphosphonato)-decakis(µ3-oxo)-tetrakis(µ3-t-butylphosphonato)-tetradecabismuth(III) benzene solvate tetrahydrate (32) [50] . There is a high degree of crystallographic symmetry in the compound with both the cluster and benzene molecules have mmm symmetry. (31) and (32) leading to zeroand one-dimensional aggregation patterns in (a) and (b), respectively.
Group VI
Selenium(II)
The two main oxidation states for selenium in their molecular compounds are +IV and, especially, +II leading to, respectively, one and two lone-pairs of electrons. The element in both oxidation states has been shown to form Se(lp)⋯π(arene) interactions in the crystal structures of its molecular compounds [7, 8] . When the accepting π-system is a solvent molecule, all four examples having Se(lp)⋯π(arene) interactions, (33)- (36) , Fig. 16 , feature selenium in the +II oxidation state. Compound (33), 3,4:7,8-bis(1,2-dicarba-closo-dodecaborano(1,2))-1,2,5,6-tetraselenacyclo-octane toluene solvate [51] , is a zero-dimensional aggregate whereby the centrosymmetric molecule, with the eight-membered [CSe2C]2 core being based on a chair, is connected to two solvent toluene molecules [d = 3.30 Å and θ = 0.5º] to form a threemolecular aggregate, as shown in Fig. 17a . By contrast, when the same compound is recrystallised from benzene, resulting in a non-symmetric, 1:1 solvate, a one-dimensional supramolecular chain is formed [52] . As shown in 
Tellurium(II)
There is a sole example of a tellurium compound with a Te(lp)⋯π(arene) interaction between tellurium and a solvent molecule, namely (µ3-1,4-ditelluridopertelluracyclohexane)-tris[(η 5 -pentamethylcyclopentadienyl)rhenium(III,VII)] benzene solvate (37) [55] ; see [56] for a space group revision. In (37) , Fig. 18 , there are eight potential tellurium acceptors and it is one of the tellurium(II) atoms directly bound to a rhenium atom and not part of the Te6 six-membered ring that forms the interaction [d = 3.75 Å and θ = 8.7º], Fig. 19 . 
CONCLUSIONS
In the foregoing sections, examples of main group element(lp)⋯π(arene) interactions have been described for elements in oxidation states consistent with the presence of a lone-pair of electrons. These interactions usually lead to zerodimensional aggregates with a few rare examples where, due to the presence of bridging solvent, supramolecular chains are observed. The bonding description for element(lp)⋯π(arene) interactions is akin to that accepted for halogen bonding. The energies of these interactions are not great with a recent computational chemistry study suggesting the (gas-phase) energy of attraction in the series of Menschutkin complexes, SbCl3.benzene, SbCl3.toluene (18) and SbCl3.hexamethylbenzene varies systematically with increasing methyl substitution, i.e. 7.7, 8.5 and 15.5 kcal.mol -1 , respectively [38] . With this information in mind, it is apposite to recall the series of BiCl3 structures (24)- (26), i.e. cocrystallised with similar solvents, i.e. benzene, m-xylene and hexamethylbenzene. Increasing the methyl content in the rings resulted in very different supramolecular architectures, a result that might correlate with the energies of attraction between rings and steric effects. In summary, the experimental and theoretical studies both suggest that the insight offered by systematic studies in this fascinating area of supramolecular chemistry will be significant and of some importance.
